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ABSTRACT 


This paper presents a methodology used in support of a contract study for 
NASA/MSFC to optimize the design of gas generator hybrid propulsion booster for 
uprating the National Space Transportation System (NSTS) . The objective was to 
compare alternative configurations for this booster approach, optimizing each 
candidate concept on different bases, in order to develop data for a trade table 
on which a final decision was based. The methodology is capable of processing a 
large number of independent and dependent variables, _ adjusting the overall 
subsystems characteristics to arrive at a best compromise integrated design to 
meet various specified optimization criteria subject to selected constraints. 
For each system considered, a detailed weight statement was generated along with 
preliminary cost and reliability estimates. 


INTRODUCTION 


Hybrid propulsion systems have been recommended for Space Shuttle applica 
tion for over eight years. In 1982, the NASA/MSFC "Shuttle Derived Vehicle 
Technology Requirements study" rated hybrid propulsion technology as the highest 
priority of 23 technologies when ranked by economic leverage. In 1987, the 
NASA/LRC, "Analysis of Quasi Hybrid Booster Concepts" study recommended that fu 
ture efforts for advanced earth-to-orbit booster systems focus on conventional 
hybrid rockets. As a result of increased interest in improving launch vehicle 
safety and reliability, the Aerospace Safety Advisory Panel Annual Report, March 
1990, recognized the capability of hybrid rocket technology to improve Space 
Shuttle launch safety and reliability, and to reduce hazardous environmental 
conditions that result from the combustion of current solid rocket propellants. 
Hybrid rocket propulsion has been used in operational hybrid missiles (Sand- 
piper, Firebolt , HAST), and tested from idle to 75,000 lbf thrust in ground 
tests, but design algorithms and modeling methods need to be developed and 
verified with test data for space booster applications. 

This paper presents the results of a conceptual design study to determine 
the best hybrid booster configuration for STS application (Ref 1) . The study 
groundruled that the boaster should deliver the same thrust versus time profile 
as the ASRM (Advanced Solid Rocket Motor) . Previous studies have considered the 
classic hybrid rocket with a solid fuel and liquid or gaseous oxygen injected at 
the forward end of the fuel grain. This study not only examined the classic hy- 
brid concept, but also a newer, gas generator concept which uses a solid propel 
lant gas generator to provide a fuel-rich gas that is burned in a combustion 
chamber. This concept is similar to the ducted rocket engine except that liquid 
oxygen is used instead of air from the atmosphere. 

The study developed four configurations of the gas generator concept and 
four configurations of the classic hybrid rocket concept. These configurations 
were comprised of pump or pressure fed engines with liquid oxygen or hydrogen 
peroxide (H202) oxidizer. A design program was used to size the boosters, com- 
pute payload capability, and estimate life cycle cost and reliabili y. 

*This work was performed under prime contract number NAS8-37776 to Atlantic 
Research Corporation, Virginia Propulsion Division for NASA/MSFC. 

Approved for public release; distribution is unlimited. 
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DESIGN PROGRAM 


f?aae to 'orbit, rocket powered launch vehicles. The basic methodology of the 
^ was retained but the subprograms were modified to analyze hybrid rocke 
bolters Figure 1 illustrates ^different analysis programs used in the new 

code. The weight subprogram serves as the primary an»ly“ s ^“assure Vessels 
erations between it and the tank sizing, propeliant weight, pressure vessels^ 
and nose section subprograms to achieve a consistent, integrated design tn 
ch thfASMtLst profile, figure 2 . The performance (re^ayioad capa- 
bTl-itv} cost and reliability of the design is evaluated by their respective 
subprograms The optimization capability of the original program was retained 
and used on the one best configuration selected from the initial eight con- 
figurations. A summary of the optimization technique is described in a foil 

ing section . 

AERODYNAMIC MODEL 

The aerodynamic subprogram uses a blend of simplified ae F°^^ ra ^_ d^tun- 
and empirical relationships which result in acceptable agreement with wind tun 
nel “Ka. It generates a table of axial and normal aerodynamic force coef- 
ficients as a function of Mach number (Mach 0.3 to 20) and angle of at ^ac ( 
to 60 degrees) based on launch vehicle geometry determined by the weight subpro 
g?am The primary modification to the subprogram from the original version was 
to account for the interference drag between the Shuttle external tank and the 
hybrid boSste?s. It was at its maximum when the booster height was the same as 
the external tank, and decreased as booster length increased. 


WEIGHT MODEL 

The weight suborogram collects output from the other interactive subpro- 
grams It calls the appropriate subprograms to get component size, weights, 1 
ca^To^s, and center of^ity travel. Since variables in one subprogram inf u- 
pnre calculated variables in other subprograms, the weight subprogram cyci es 
throuqh all of the other subprograms until system and subsystem weig s converg 
to a constant value. Data files are created for use by the cost, reliability, 
and flight performance subprograms. 

LIQUID AND SOLID WEIGHT MODEL 

The liquid and solid weight model determines the oxidizer and solid fa el 
weight required to match the ASRM thrust versus time profile and i® 

pulse (isp) tables in response to the input values of mixture ratio chamber 
pressure; and nozzle expansion ratio. Oxidizer tank uilage is assumed tob^^ 
of the total volume. Reserve propellant is assumed to be 2. of P P 

weight. 



PRESSURE VESSEL MODEL 


The pressure vessel model . ^ermines ^ » £ 

and shape, pressurant mass initially in the pressurant tanran he _ 

lium^or and oxygen) as the pressurant. 

TANK AND INTERSTAGE M ODEL 

The tank and interstage model determines the tank wall thickness (J^iiiding 

gas generator case thickness) , ellipsoidal ratio of tank pressure and 

weiaht Upper and lower dome thicknesses are determined from pressure ana 

stiff eners°are added , tank^and 

Jridyir^ank^rprevenrdirert contact of the fluids with the composite mate- 
rial No insulation is used on the tanks. Other options evaluated but not 
used in the final configurations, were aluminum oxidizer tan s , s ©99 
erator case, and inverted aft tank dome to shorten the tank length. 

RELIABILITY MODEL 

rfeaaws ssst sbbs 

ity and the overall system reliability. 

FLIGHT PERFORMANCE 

The flioht Derformance subprogram performs a trajectory simulation of the 
launcrveh“if^o P maIn engine cutoff and analytically determines the OMS propel- 

Sern^ e tank ^ghf a fu^ P^nds^th 

fluids 6 were°assumed HT frlf the" iLnc^htcl™ ng S as=en^exce|rpropellant 

-STvS^ 5 So P nmf 

The orbiter 's OMS engines are used to circularize the orbit. 

GOST MODEL 

The life cycle cost (LCC) model was developed using experience from launch 
vehicle andcommerc ial aircrift programs. As in most parametric cost models, 
weight is the primary input into the costing algorithms. 

The cost algorithms for the hybrid booster are comprised 

illustrated in figure 3. Within the categories of hardware, support, 
?acU?t!Ss ground support Iguipment, and launch operations, the cost associated 
with each line item is estimated separately. 

Design engineering cost is estimated component by component. The cost is 
assumed to vary according to the equation: 

E 

Engineering Dollars = A*B*C*D*(wt) 



wtere: A = complexity factor 

B = off-the-shelf factor 
C = design maturity factor 
D = cost coefficient 
E = cost exponent 

Each component is assigned a design ^ ^“it^Lirig^complexit?, no 
value (E) based on historical data for * maturity. The complexity factor 

off-the-shelf characteristics, and a low desig^ t^ £or lower or high 

(A) usually varies between 0.5 and 2. factor^ varies between 1.0 and 0.0 to ad- 
design complexity. The off- off-the-shelf characteristics. The design 

just the cost for some percentage of off h It re flect the level of de- 

XrlLuln?: sul^s S^T^c^onent demonstrations (.80 factor, or 
tests of engineering models (.45 factor). 

The Manufacturing cost is estimated in a similar manner as the Design Engi- 
neering cost. The cost equation is: 

E 


Manufacturing Dollars = A*B*C*D* (wt) 


where: A = complexity factor 
B = material factor 

C = learning curve cumulative factor 
D = cost coefficient 
E = cost exponent 

Each component is assigned a ' aliminu^or steel ma- 

nent value (E) based on “?2vi|v factor (A) adjusts the cost for lower or 

terial, and one unit. The complexity material factor accounts for 

higher than average manufacturing co ™P^* eriais- For example, carbon com- 
th2 .relative cost of manufacturing a ^ r n?ng ou"o cumulative falter accounts for 
posite has a factor o_ 1. • , -t-hp learnina curve effect on cost as 

multiple quantities of a component and the a nufactu?ing dollars, a 5% addition 

shown in figure 4. After calculating the lng To acoount for final as- 

is made to account for the subsystem a added to the manufacturing dol- 

sembly and checkout, this ^subsystem cost is add function cost£ are ca icu- 

lars and the sum is "^tiplied by 15% ' rin q costs as shown in figure 5. 
lated based on the design and manufacturi g 

The facilities cost is based on hist °“? a a sum^f^i^^launch S. control 

The facilities initial spares vehicle assembly building cost, 

center cost, 7% pad S site preparation cost, 2t 

The ground support equipment cost ls h tst°ri c al is computed as 

figures 9-12. The ground support equipment ^GSE cos ? it integration, assem- 

bly , SU checkout^cost^ anf^ £^“^“5 

X a ^iies C ^ time 11 instrumentation? shown in figure 13. 

and ^nineigh?r ^xle^t^d^e^cosf i^imp^the™^ ^f^xidifer 
loaded into the booster, shown in figure 13. 

DESIGN STUDY 

Figure 14 illustrates the four basic ^Mofoxidi^r, making^ ^tal^of 
eight^conf igurations . ^^Th^overall v^iefe filter was set at 12 feet to be 



close ^^“”^ e thrust d profile?^?L P maximra spiriting pressure occurs 

S£i 10 seconds into the burn and is approximately 1,100 psia The nozzle area 
ratio was set at 15. A mixture ratio was fleeted to produce the^ighest^ ^ 

oosite structural material was used extensively. 9 

pendable and used ablative nozzles and thrust chambers. 

ssssfc. "s s.';S“.s 52.sss™ 

at ambient temperature to satisfy pump head requirement . 

incorporated into each design was a goal tor high reliability. This jjoal 
was apportioned to each major component using historical data. Th ® ° xl ^. 
feed system incorporated redundancy by using four turbopumps and a size 
would satisfy flow requirements with one failure^ 

determined'that'syste^reliability was abou^the same for the gas generator and 
classic hybrid concepts, 0.9985 and 0.9987, respectively. 

The life cycle cost (LCC) for each configuration was estimated using a con- 

LC^wa^provide^by'tne^um^fed^'gas^enerator^hybrid^with^LOX^oxidizer^and the 

illustrates S t he°comparison^of C LCC/payload^weight ^$/lb^ This is the «me trend 

much higher $/lb because of their lower payload capability. 

Figure 17 illustrates the gross lift-off weight (GLOW) comparison of the 

t^d^oV and S pump / f^^ra?^ ar^owTr 

?T gS ft the gas generator hybrid configurations are about the same as the 
corresponding classic hybrid configurations. 

The selected configuration for further analysis was the pump fed gas gen- 

design program for the selected configuration. 

OPTIMIZATION STUDY 


OPTIMIZATION TECHNIQU E 

The optimization technique was presented in a previous JANNAF 
3). In summary, the ARES (Airframe Responsive Engine Selection) 


paper (Ref. 
optimization 



methodology is illustrated in Figure 19- analyzed^^Th^number of designs de- 
Selector determines specific designs ^sometimes called design vari- 

pends on the number of independent variab ( ARES technique 

ables) . Figure 20 shows the savings in technique. As shown for 

compared to a "traditional" ^ ple P 49 designs must be synthesized and 

six independent variables, f or ■ ex amp , would be required to per- 

evaluated when using the ARES method, ditional ' approac h . The time savings 

form the same level of analysis with imatel y P 30 minutes is required to 

is substantial when one considers approx * The number of levels 

completely synthesize one design w ^h the design P 9 designs are comprised of 
required, seven in this example, indicates tha t tne^ v ^ riables determined 

designs using seven intermediate va , number of ARES cases is always 

by the method of orthogonal Latin squares. The numoer ox ** 

the square of the number of levels. 

, • _ f ; mi-ro is to evaluate the designs with the 

The second step, as shown m figur , GCtive i s to determine values of 

hybrid booster design computer program. ^ variables) for each design, 

dependent variables (sometimes called performance variables) 

in the third step, a data regression is performed to 

mathemat ica 1 ly liable has its 

own equation in terms of the independent variables. 

Ih the fourth and ^ i-i -^°f st a 5L?ent° ra opt!miza:ioS a can t be 

curves. The program uses the method of steep t variables and fixing se- 

performed in different ways by const^ stu l y P only unconstrained optimizations 

wer^per formedf 611 ^ ince " the quadratic curves ^PProximate the 
dependent variable values for greater accuracy. 

Figure 21 illustrates the four independent^var iabies^used ^i^Ptiuiza- 

tion analysis. As indicated in igur , on bbe ^eft of figure 21, each 

different levels of independent values. , f the s tudy. The 5 levels 

variable was assigned minimum and maximum values for the st^ * 2Q and 2 5.0. 

for nozzle expansion ratio, for example, wer. , ^ ^ and the Design Selec- 

Similarly , the other variables are divided into ! 3 levels^ th^ ^ 9^.^ 

tor uses the method of orthogonal L independent variables, that must be 

represented by different combinations P used to determine the depen- 

evaluated. The hybrid booster design was ’ ased to Jet ™ 25 P de _ 

dent variable values, shown at the right of figure 21, tor eacn 

signs. 

OPTIMIZATION RESULTS 

Five different optimizations were performed and compared to the baseline 
design. These optimizations were: 

1) Minimum life cycle cost/lbm payload 

2) Maximum payload weight 

3) Minimum life cycle cost 

4) Minimum empty weight 

5) Minimum gross lift-off weight 

Sf tLSTASe variable ^? tL siudy. Although the optircizations can be ex- 



trapolated outside the range of regressi-dat^ base, 

retained for best accuracy and t p . rt -i am eter. Mixture ratio was close to 

manufacture. Minimum LCC had the gr . navload weight, but it was at 

the baseline value for minimum $/lb and maximu P y s ligh ?i y less than the 
its maximum limit for minimum LCC and < GLOW ** wa J £ as approximately 

baseline value for minimum empty weight Chambe: r pri assure PP^ 

Ski 

maximum value for minimum GLOW. 

Fiaure 23 illustrates the optimum dependent variable values. Life cycle 
cost Izl Soothe baseline value except that »d“tion was obtained for 

the design that was optimized for minimum LCC. de s iqns . The pay- 

minimum empty weight was significantly greae baseline for most designs, except 

payload design and J 1 " 1 ”™,^ C w f^ 1 f^ wes f^ c c“ather than maximum payload, al- 
can be achieved though a design wi sianif icantly different (as shown by 

though the design for true minimum $/lbm is significantly oil l ^ 

figure 22). GLOW is approximately the same for the des 9' P Th e booster 

“ SS&TSE ?nei g rse a of U tie Y di a ame^ 9 r n reia?ion Y wit^ the longer boosters 
corresponding to the smaller diameters, and vice-versa. 

CONCLUSIONS 

The initial comparison of eight hybrid booster configurations, Jenirato? 
pump and pressure fed opt gas generator c?n?igura- 
tion^itt^^X^oxidize^ha^the^lowest^^C^'and^/lbm piylLd The gas generator 
concept is also attractive because of its lower development risk. 

Throuah the use of advanced structural materials and an optimized design, 
over 40% increase in payload capability can be f h ^ d °“^ r ^ e J ow “f S/lbm 
vided by the ASRM. The design optimization study sho^d th baseline ve- 

lJc and glow! indicating thit studies that simply minimize empty weight m lieu 
Of performing a LCC analysis could be m error. 

The results of this analysis indicate substantial increase . J^i^hvt^id 
bility , reliability, safety at relatively low cost can be achieved with hybrid 
propulsion. Supporting test demonstrations are required to validate the pertor 
mance assumptions. 
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Systems engineering dollars are computed as: 
0.323 ’ (Design $) ** 0.9802 


Software enoineering dollars are computed as: 
1.370 * (Design $) ** 0.8944 

System test dollars are computed as: 

0.0006-’ (Design $) ** 1.3226 


Tooling costs are manufacturing dependant: 

0.0045 * (Manufacturings) *• 1.1526 


Miscellaneous costs are computed as: 

(0.1138 * (Design $) - 1.0185) + (0.03 * (Manufacturing $)) 

u ^ vr 
( Y(ln millions) » 0.&34t?4 - X °' 54M6 1 
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Pnptinri Sector Software: 

GSE5 = 0-036 * ((KSLOCj ST ) " 1.12) * (K9) - 0.043 * ((KSLOC !NST ) ** 1-20) 
Where K9 = Complexity Adjustment 

KSLOCjsT = 

Thousands of source lines of code, 
test & checkout 

KSLOC|NST = 

Thousands of source lines of code, 
real time instrumentation 

The following recurring cost algorithms are for annua! launch operations coSiS 
(LOC): 


Tech System Management' 

LOCI = Q.009 * ((TOGW) ” 0.516) ' ((L) ** 0.360} 

Where TOGW = Takeoff Gross Weight 
L = Annual Launch Rate 

Prepunch Operations Checkout (see above) 

LOC2 = 0.025 * ({TOGW) ** 0.516) * ((L) ** 0.360) 

Propellant Cost: 

LOC3 = L * (Wf * CF ' BfH(W 0 * Cp * Bo)) *1 0-6 
Where F = Fuel 

O = Oxidizer 

W = Propellant weight per flight (lbs) 
C = Cost per lb 
B = Boiloff factor 
L = Annual Launch Rate 

Note: Solid propellants are included in assembly costs. 


Mission & Launch Ccntrol; (see above) 

LOC4 = 0.010 * ((TOGW) •• 0.516) ■ ((L) ** 0.360) 

Recovery Cost: 

LOC5= .77 * ((L) *• 0.534) 

Where L = Annual Launch Rate 

Note: Sea recovery o' 1st stage booster assumed. 

- Replenishment Scare; - FC/GSE: 

LOC6 * 0.10 * (FC5) + 0.20 * (GSE5) ' (L ** 0.05) 

Where FC5 = Facilities Initial Spares Cost 

GSE5 = Ground Support Equipment 
Initial Spares Cost 

L = Annual Launch Rate 
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Hybrid Configurations Life Cycle Costs 


HYBRID CONCEPT COMPARISON, LCC/PAYLOAD 
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Figure 2^3-. Hybrid Conc ert Comparison, T.CC/Paylgad 
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TOTAL INITIAL VEIGHT.l213IS0.14Lk 

EY.HT VEICRT ■ B32)B.21lb 

EXPCHOED OX WEIGHT. A60190.69L0 
TVC OX PROP.. O.OOLb 
TURBINE IUCL- 5976 TOLL 
IUITaL C.C * 79.71FI 
empty c.e.. w*.5in 

STARTINC K.R.* 150 

Safety factor- 1.60 
... nose section size — 

■ASE DIA. - 1‘OOFI 
NOSE Tir AAI7- I.17TT 

c.c. thom nose tii. 10. :m 

LOCATION FROM NOSE TIE. O.OOM 


— HELIUM TANr. SIZE --- 
MATERIAL. I Ml CARBON TIBER 
CVT5ID DIAMETER. 8.53FI 
DONE BT* 2.92rt 
DONE THICK.. 7 ,B691n 
VESSEL VEIGHT. 3334. 23Lb 
JNIT VEICUT. 4697. 94Lk 
HE VElCtIT. 1170. OOLb 
tmit press. looon . fsia 

LOCATION I BOX NOSE Ilf. U.oBrl 


... helium tank valvih; system 
HL riHO VAVLE VT. 1 A . 9 1 Ll» 
rr.E'SUT.E regulator it. it-bilb 
HE SERVICE VALVl VI- 19. BILL 
T01AL VALVE VT. 77.43Lk 

... INTER STAGE (HOSI TO OX TANK) — 
hATLRIALI 2219-TB7 ALUHINUM 
DIA TOV. IA.OUTI 
LENCTH. 5.007 1 
VALL THICK.. 0.040i« 

CC FROM TOF- 2.50FI 
LOCATION FROM NOSE TIE. ».91Ft 

... OXTPIZER TANK — 

H7.TEL1.-I' IH? CARBON ri»ER 

diameter, h.oofi 

DOME BT. 4.5iri 

defer Dome TH1LT... 0.0361m 

CTL TRICK." 9,1111. 

07 TANK VP1- ' 9639.6SFT3 
TOT OXIDIZtH WEIGHT. 673393. 63U 
RESIDUAL OXIDIZER. 1VV.13LB 
INSULATION" O.OOLb 
INI! V EIGHT. 077312. £3Lb 
INIT. C.C. Fhok CTL TOT. IM.JTVi 
UPPER POKE PRESS. 93.P51A 
LOCATION FROM NUSL TIE. 19.4UFI 


OVERALL LENGTR. 166.64FI 

CUT or' VT. 106042. 7?Lh 

EXPENDED rUEL VEICRT. 446104. 69Lb 

TVC EUEL PROr.- O.OOLb 

TOTAL EXPENDED PROPELLANT. 1106295. 1BLB 

nif nn r r . 101 ,72Ft 


STARTING PC. 1000. 00 PST1 
NUMBER Of HYBRED UNTIS.l 


OVERALL LDIGTH-lB Rlft 

CYt LCN. o.oun 

VEIGHT- 1323. 65Lb 
TO BOTTOM . 16.91ft 


LENGTH. 3.B3FI 
CYL LEN- O.OOn 
CYL TH1CF-. O.OOOln 
ALUMIHNH LINER- 44.20Lb 
SHUTlKiVH VEIGHT. 3544. OlLb 
C.G. FROM CYL TOF. 2.91Tt 
FINAL PRESS. I44.PSIA 
If IliFCwr.. IE 77 r; 


OUAiriITT. 2 
QUANTITY. 1 
QUANTITY- 1 


01 A IOT- 14 .00 FT 
VEIGHT- 137.03Lb 
STIFriNERS REQUIRED- 0 

TO BOTTOM. 23.R1RI 


TANK LENGTH. JO.JlEt 
CTL LEN. 61.2RF4 
LOVER DOME THICK.. 0.0711* 
STIFFINCRS REOUIRED- 0. 
VESSEL VEIGHT. 2442. 97Lb 
RtSEKVE 0JI0IZER.13203.BlLb 


RRES CAS VEICUT. 1153. BILb 
Or. LINER. 1276. 041k 
EMPTY VEICUT. 17 19. OlLb 
TINAL CC-. 21.16FI 
LOVER DOME PRESS- 1B7.RSIA 
TO BOTTOM. 85.20R4 


... lot valving sister ... 

OXIDIZER VALVE Vt 
OXIDIZER FTRO VT 
HtlHANE THROTTLC VALVE VT. 
OK SERVICE VALVL VT 
OF RELIEF VALVE VT 
TOTAL VALVE VT 


2*1 . l?Lb 
120.59Lb 
39.5*Lb 
120. 3RLb 
4.A*Lb 
1730. 23Lb 


... BOOST RUKF SI2E — 
DIAMETER- 1 3SEl 
VCIGHT/rUMf. 292.16Lb 
PUNTS. 4 

DELTA T- 34 . 47PSI A 
HORSE ROVER. 417 
NS. BR23 

VAPOR RRES. 14.3*rSlA 
LOCATION FROM NOSE TIT. 132.6IF1 


QUANTITt. * 
OUANTITT- 4 
OUANIITT- 4 
OUANTITT- l 
OUANTITT. I 


LENCTH- 1.S4M 
TOTAL VT. 116B,66Lb 
FLOVRATC/PUMF. 162B.I*Lb/S«e 
SPEED. 2960RFM 
PUMr EFFICIENCY- 77 . 972 
INLET PRESS.- 25.00PSIA 
pump cc from Tor- o.7m 
TU BOTTOK. 154-2IF» 


— TURRINF — 

TURBINE FLOUR ATE. 7!2.01Lk/$ee 
ISP REDUCED IT 0.3*2 

TOTAL PUMP ASSEM. LEN. 3,ll?i 


TURBINE TEMPERATURE. 1800F 
TUIL REOUIRED. 5976. 30Lb 

tOTAL PUMP ASSEM. VEICHT. 3664. 43Lb 


— OXIDIZER PROPELLANT LINE TO COMBUSTION CHAMBER ... 
MATERIAL: AI 51 301 STAINLESS 
OX LINE 01 A . . 7.001a 

N’JMBEP Or LINES- 4 
; TOTAL LINE VT- 1395. B9Lb 


LENCTH. 6B.B9F4 
VEIGHT/L1NE. 


34B.97Lb 


— SOLID FUEL CASE ... 
HATEKIAL: IMF CARBON TIBER 
DIAMETER- II.OOFl 
DOHE HT- 4.19TI 
RATIO TORT TO THROAT ARIA. 1.A6 
SOLID CASES. 1 
UPFER DOME THICK.. 0.3?0ln. 
i STIFFENERS REQUIRED. 0. 

CASE VEIGHT. 11113. BOLb 

RESERVE PUEL. 1922. P9Lb 

INIT VEICHT. 469C79. llLb 

IGNITER. 500.0 Lb 

INIT. C.G. FROM CTL TOP. PS. 41ft 

AIAHIIND PRESS. 1000. rsiA 

LOCATION FROM NOSE TIP. II.OOFl 


LENGTH. 55.41ft 

CTL LEN- 51.22E4 

INIT PORT RAD.. J.33FI 

CRAIN LENGTH. 31.22FI 

CTL THICK.. 0. 62 Tin 

AVG DEL ISP. 293. 66 SEC 

TOTAL FUEL VEICHT. 455026. 7BLb 

INSULATION. 3039. 6BLb 

EMPTY VEIGHT. 14652. 47lb 

fHMTT r t . u (III 

MAXI M1JII PRESS- 1009. PSIA 
TO BOTTOM. 136.4 IF! 


CONVKPCr.NT SECTTON 

MATERIAL! IM? CARBON FIBER 
CASE VEIGHT- 349. 51Lb 
TOTAL VT. 3579. 4ILb 
LENGTH. 3. BOrt 

LOCATION FROM HOSE TIP. 136.4m 

k i_ CC INJECTOR ... 

INJECTOR DIA.. 5.47F( 

VEICHT. 2704. lBLb 

LOCATION FROM NOSE TIP. U0.Z2r< 

. COMBUSTION CBAHBER 

MATERIAL I 1K7 C ARSON FIBER 
VEICHT CHAMBER- 138.16Lb 
TOTAL VT- 1421, 62Lb 
VALL THICK.. O.IOlD 
LENCTH. J.OOFL 

LOCATION FROH NOSE TIP. 140.B9Pt 

THROAT SIZE ... 

THROAT 10 DIAMETER- J.I7F| 

VEICHT. 16656. !6Lb 

LOCATION FROM NOSE TIP- 14S.B9FI 

NOZZLE SI2E 

DIA. NOZZLE CXIT. IA.97PI 

WEIGHT . B7H.62Lb 
CG moN Tor. B.lgri 
LOCATION FROM NOSE TIT. ISO.ISFl 

— TVC ACTUATOR 

VEIGHT- 2321. OOLb 

— BASE SKIRT SUt — 
MATERIAL: 2219-TB7 ALUMINUM 
DIA TOP. 13.0OFI 

LENCTH- 20.95FI 

CC FROH 1 OF. 10. 47Fl 

LOCATION FROM NOSt TIP- 136.41ft 

— booster to core truss ... 
TRUSS VEIGHT. 1165. 56Lb 


INSULATION. 3229. 90Lb 
CC FROM TOP. 1.S2FI 
OUTLET DIA.. 5.47ft 
TO BOTTOM. 140. 22Ft 


LENCTH. 0.001a 
TO BOTTOM. 140,89ft 


WEIGHT INS. 3283. 46Lb 
CC FROM TOP. 2.50ft 
INSULATION THICK,. 5.001a 
OUTSIDE DIA.- 3.47ft 
TO BOTTOM. 143.89ft 


LENGTH. 4.40rt 
CG FROM TOF- 26.39ft 
TO BOTTOM. 150 28ft 


LENGTH. 1G. 36Ft 
EXP RATIO- 15.0 

TO BOTTOM. 166.64rt 


DIA IASI. 1J.68FT 
VEIGHT.I3722.OOLb 

TO BOTTOM. 257.36FI 


BOOSTER SEPARATION STSTEK ... 

SEPARATION SISTER VEIGHT. 1417.001b 


— main punr — 

OlAMtTER. 1.36ft 
VEICHTFfUHr. 623.94Lb 
PUHPS. * 

DELTA P- lO.U.bBPSIA 
HORSE POVER- 7433 
NS. 1995 

VArpR FOES. 1 * !‘FSIA 
location raoi: nose TIP. 154 . lift 


LENCTH. 2.27rt 
TOTAL VT- 2*93. 77Lb 
FLOVRAII/PUMP. 162B ,B9Lb/S«c 
SrEEU. 609IRPM 
PUMP EFFICIENCY. 83.061 
INLET PRESS-. 79-47PS1A 
PUMP CC FROH TOP* 1>*F> 

TO BOTTOM- 136.30ft 


RANGE SAFETY — 

RANCE SAfETT VEICRT. 144 . OOLb 


l 
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1. DESIGN 
SELECTOR 


13 OOJ>t -fir- 

2. RAWEST SIZING AND 
TRAJECTORY PERFORMANCE 
SIMULATORisAttPP 



3. DATA REGRESSOR 


A SYSTEM OPTIMIZATION/TRADES, 

i> UNCONSTRAINED OPTIMIZATIONS 

• CONSTRAINED OPTIMIZATIONS 

• PARAMETRIC TRADES 

• SENSITIVITIES 

• POINT DESIGNS 



(? 

Figure 1: ~*Ftamfet A RES Optimization Methodology 






NUMBER OF 

INDEPENDENT 

VARIABLES 

NUMBER OF 

LEVELS 

REQUIRED 

REQUIRED 
NUMBER 
OF ARES 
CASES 

REQUIRED NUMBER 
OF 

"TRADITIONAL" 
CASES (4 LEVELS) 

N 



4 n 

3 

4 

16 

64 

4 

5 

25 

256 

5 

7 

49 

1024 

6 

7 

49 

4096 

7 

8 

64 

16384 

8 

9 

81 

65536 

9 

11 

121 

262144 

10 

11 

121 

lx 10 6 


Z.£> 

Figure 2: Design Selector Case Definition Relationship 

UNCLASSIFIED 



fV' 


/ i 

'Z- 


VI 


P^J * ft 't J*S 

/ft* n 

. '* v,x i 

/yj'y. 

/W 

u 1 

C Ar* A* $ ^ 

1 0* 

2. oc>r»j 

\ 

1 

t) 4 ci ^ Y 

/<* 

3-0 i 

\ 

iSb&'i.S-C >C P<rr 'd)—* A-c//,£> 

n 

.5. r _\ 


'2.5"’ desjhS Gl-Vc> /<* S~ 

d'> -[‘f-en * Y / <> UV // ^ ihei*f+*& 4 «* / 

Vctr, y ctbU Vc?/*t'e$ 





L u ;cj ty-t 

Cj <? J Cy-f r\ Vf'* ~-f ~?/- 

T* -t*/ i *ry f 4 

D £ T&F Cos* 

A c tjpu 'S~' ?'**■' Cos'f 

A^jo ~ &p e rey i',e>* 5 V 

C> A**' t i/p^j C*>S~f 

L /-/> c Co j •/ 


Ocj-e i 


c. 'v . 

jtr- 

jr rf'i 


Fyc-c 21 f 0 f ; r' : ^ c ‘ Y ' r *» SarUl/es 



OF F'OGR QUALITY 








